Indole-3-acetic acid (IAA) is a phytohormone of the auxin group and is capable of coordinating the overall processes of plant growth and development. IAA is active in the very low concentration range. Therefore, it is important to quantify IAA in the low concentration range in complex system. In this work, a new spectrofluorometric method for the direct determination of IAA in soil is proposed and discussed. It combines the fluorescence excitation-emission matrices (EEMs) with second-order calibration methods based on the alternating trilinear decomposition (ATLD) algorithm and the self-weighed alternating trilinear decomposition (SWATLD) algorithm. These methodologies fully exploit the secondorder advantage of the three-way fluorescence data, allowing the analyte concentrations to be quantified even in the presence of unknown fluorescent interferents. IAA recoveries in soil were determined as 100.6 ± 3.0 and 96.9 ± 1.1% with ATLD and SWATLD, respectively. The limits of detection obtained were 17.6 and 4.6 ng mL -1 , and the limits of quantification were 52.9 and 13.9 ng mL -1 with ATLD and SWATLD, respectively.
Introduction
Indole-3-acetic acid (3-indolyl acetic acid or b-indoleacetic acid, IAA) 1 is a white crystalline powder with a molecular weight of 175. 19 and with a molecular structure as depicted in Fig. 1 . It is easily decomposed by light, heat and oxygen. IAA, the first phytohormone ever discovered, is a phytohormone of the auxin group and is now known to coordinate plant growth and development from the seedling stage to fruit ripening and senescence, 2, 3 and to regulate processes such as division, elongation and differentiation of cells. 4, 5 IAA is produced in young leaves, stems and in seeds from transamination and descarboxilation reaction of tryptophan; it is also biosynthesized by microorganisms present in soil samples. 4, 6 The content of IAA in one plant is very low; it is an inducer or an inhibitor, depending on its concentration; 7 it may be active in concentrations as low as 10 -8 mol L -1 . 8 Nowadays, IAA is being used as a pesticide on potato, tomato, lettuce, onion, and other crops. It presents acute toxic effects when inhaled or absorbed through the skin; it causes skin irritation, eyes, mucous membranes and respiratory tract. 1 In humans and mammals, IAA is a minor tryptophan metabolite with no obvious role in the healthy organism, but a factor of concern in liver and kidney disease; 2, [9] [10] [11] it is also used in treatment against cancer. 12 As mentioned above, IAA is a very important substance in plants and humans. Determination of IAA thus attracts increasing interest. Several analytical techniques have been used in IAA analysis: biological techniques which include immunosensor, 7 enzyme-linked immunosorbent assay (ELISA) and radioimmunoassay (RIA) 7, [13] [14] [15] and capillary zone electrophresis (CZE), 12 and physics-chemistry techniques including liquid chromatography-electrospray tandem mass spectrometry, 16 HPLC, 17 GC, 18 and electroanalysis with a graphite-polyurethane composite electrode. 4 These methods play an important role in the determination of IAA; however, they involve pretreatment steps that are relatively laborious, time-consuming, and material-consuming and that pollute the environment. Hence, they are not well-suited to fast routine analysis of a large number of samples. On the other hand, their limits of detection and quantification are not low enough, since IAA is active at very low concentrations. One thus needs new methods for the determination of IAA.
With the development of a modern fluorescence spectrophotometer which generates an excitation-emission matrix for each sample, excitation-emission matrices have become very useful for the quantitative analysis of complex multicomponent samples. Particularly, these three-way data arrays following the trilinear model have been gaining widespread analytical acceptance. 19, 20 As far as we know, however, the application of a direct spectrofluorometric method to determination of IAA in soil has not been reported. This is probably due to the fact that the fluorescence signals from IAA overlap those from the soil matrix, which should hamper direct spectrofluorometric analysis of the analyte.
Fortunately, chemometrics has been developed in recent decades; it has produced many second-order calibration methods, such as alternating trilinear decomposition (ATLD), 21 self-weighed alternating trilinear decomposition (SWATLD), 22 parallel factor analysis (PARAFAC) 23 and alternating penalty trilinear decomposition (APTLD) 24 which have the "second-order advantage". With ATLD or SWATLD, it is possible to treat with excitation-emission matrices while maintaining the original twoway data structure of each measurement. Even in the presence of unknown interferents, the trilinearity of the three-way data can also be utilized in a unique decomposition that allows spectral profiles as well as relative concentrations of each sample component to be extracted directly. 25 Although this is the first time for it to be utilized in quantification of IAA in soil, the property has been a hot topic in the current chemometric domain, and has been successfully employed for many practical applications, such as drugs analysis, [26] [27] [28] environment monitoring, 29 quality control and food analysis, 30 and bioprocesses monitoring. 31, 32 In this study, a strategy for sensitive and selective determination of IAA in soil is proposed, which combines the fluorescence excitation-emission matrices (EEMs) with secondorder calibration methods based on ATLD and SWATLD algorithms. There is no time-consuming pretreatment of complicated samples prior to measurement. The developed methodology is simple, rapid, low-cost and accurate for routine determination of IAA.
Theory
The K matrices of size I ¥ J of the excitation-emission fluorescence spectra are obtained by measuring K samples which contain N fluorescing components at I excitation and J emission wavelengths. A three-way data array X is obtained with dimensions I ¥ J ¥ K. A trilinear model for the three-way array X has the form: 33
Here xijk is the element of X, ain, bjn and ckn are the elements of the I ¥ N matrix A, the J ¥ N matrix B and the K ¥ N matrix C, respectively; eijk is the element of a three-way residual array E. N denotes the number of factors, which is really the total number of detectable physically meaningful components of interest as well as the interferents and the background. Second-order calibration requires decomposition of a threeway data array and regression of relative concentration of the components of interest in sample space against the corresponding standard concentrations. For decomposition of a three-way data array, several procedures have been suggested.
The alternating trilinear decomposition (ATLD) was proposed by Wu et al. 21 It decomposes the trilinear data by using MoorePenrose generalized inverses based on singular value decomposition (SVD). The loss function to be minimized is the sum of the squares of the residual matrices. This may be written as:
where ||·|| F 2 denotes the Frobenius matrix norm. The ATLD algorithm based on above-mentioned loss functions has a capability of fast convergence and is insensitive to the excess factors used in calculation. 21 The SWATLD algorithm was also developed by our laboratory. 22 It is a variant of ATLD, and it is unique in that it alternatively minimizes three different objective functions related to the trilinear model. In terms of the variance, the performance of SWATLD is stable when the number of factors used in calculation varies (as long as the number is no less than the actual number of factors). To be specific, it can generally converge within 100 iterations.
Experimental

Reagents and solution
IAA was purchased from Sigma; all other chemicals were of analytical grade and were used without further purification. A phosphate buffer solution of pH 9.0 was prepared. IAA was dissolved in dehydrated alcohol and diluted with ultrapure-grade water, so a stock solution of 105 mg mL -1 IAA was made up; this was stored in the dark at 4˚C for one month. The soil was collected from the bank of the Xiangjiang River in Hunan Province of China. The collected soil samples were stored in plastic bags and we did not carry out any pretreatment. These soil samples were dried at room temperature, and ground with a mortar. Then, 3.0 g soil power was obtained, and we added 50 mL of dehydrated alcohol. The mixture was centrifuged at 4000 r min -1 for 20 min, then filtrated with filter paper. The filtrate was stored at 4˚C in the refrigerator before being used.
Apparatus
All of fluorescence measurements were carried out on an F-4500 fluorescence spectrophotometer (Hitachi, Japan) fitted with a 150-W xenon lamp; a 1.00 cm quartz cell was used. EEMs were recorded every 5 nm over the range lem = 310 -470 nm and every 2 nm over the range lex = 240 -300 nm. These wavelengths were selected from a preliminary experiment, based on which areas showed the highest variability. The emission and excitation slit widths were both 5 nm, and the scan rate was 1200 nm min -1 .
Analytical procedure for IAA in soil Calibration and test sets. IAA may be active in concentrations as low as 10 -8 mol/L, 8 i.e. 1.75 ng mL -1 , so in this study, we chose ng mL -1 as our unit. An external calibration method was utilized; an eight-sample set (J1 -J8) was applied for calibration with the ATLD and SWATLD algorithms, where the analyte concentration values were in the range of 0 -200 ng mL -1 . In addition, an eight-sample test set T1 -T8 was built with analyte concentrations which were different from those used for calibration but were still within the range of 0 -200 ng mL -1 . EEMs were measured in random order according to the sample number. Spiked soil sample. IAA has no fluorescence at pH ª 0; its intensity rapidly increases with increasing pH, to reach a plateau extending from pH 6 to 11. 2 Since the soil sample may be acidic with different pH values from the ultrapure-grade water, to both the calibration and the real soil sets was added 1.0 mL phosphate buffer solution of pH 9.0. Therefore, another eightsample calibration set which had the same concentration as the first calibration set was built for the real soil sample. Five soil samples P1 -P5, each 1.0 mL in volume, were spiked with different amounts of IAA and diluted with ultrapure-grade water to 10.00 mL in brown volumetric flasks, the final analyte concentrations should be within the calibration concentration range. Afterward, the EEMs were measured according to the sample number without any specific treatment.
Software
Experimental data were imported into and treated in a MATLAB environment.
The algorithms for ATLD and SWATLD were developed in our laboratory.
Results and Discussion
Results from the test sets
The set of eight test samples T1 -T8 were created in ultrapuregrade water and then were combined with the calibration set to construct a three-way data array of size 31 ¥ 33 ¥ 16, which was then treated with ATLD and SWATLD, respectively. There was only one fluorophore per sample for this test, as the water component did not exhibit fluorescence, so the appropriate number of components was one. Table 1 summarizes the prediction ability of ATLD and SWATLD, and the correlation coefficient, the root-mean-square error of prediction (RMSEP) and the relative error of prediction (REP) of the calibration samples that was retained from the two algorithms are 0.9999, 1.3 ng mL -1 , 1.2, respectively. The results show that good recoveries are obtained, and the results from both algorithms are almost the same. For the sake of a further investigation into the accuracy of the calibration model, a linear-regression analysis of the actual versus the predicted concentration was used. 34, 35 The calculated intercept and slope were compared with their ideal values of 0 and 1, based on the elliptical joint confidence region (EJCR) test. 36 Figure 2 gives the results of EJCRs for both the ATLD and SWATLD calibration methods. It shows that the ideal point (0, 1) labeled with a star lies in both the EJCRs and the elliptic size of the two methods is the same. These factors further prove that these methodologies can provide good estimated results for artificial samples; we are actually interested in obtaining reliable results from real samples such as soil-based samples, whose components are unknown beforehand. Figure 3 shows three-dimensional plots of the excitationemission matrix fluorescence for IAA in water (A) which does not exhibit fluorescence and IAA in soil (B). It reveals that soil samples not only exhibit fluorescence that overlaps with the fluorescence signals from the IAA, but this value is also intrinsically variable; thus it is difficult to analyze such samples if trilinear decomposition-based calibration techniques are not employed.
Results from spiked soil samples
Before the trilinear decomposition-based calibration methods were used, we should estimate the factors of the mixture, so a core consistency diagnostic (CORCONDIA) was used. The calibration set and real soil sample set were utilized for the core consistency evaluation, using one to five factors. While the core consistency values are negative, they are forced to equal zero. An appropriate number of components is considered to be obtained when the core consistency drops from a high value (usually above 60%) to a low value. For this test, the results are shown in Fig. 4 . The analysis using CORCONDIA indicates that two or three factors are adaptive. When the factor is two, one is corresponding to IAA and the other to the soil background; when the factor is three, it shows that soil is modeled by two components by the algorithm, and this indicates that two major fluorescent components dominate the soil background.
The results of the test set show that ATLD and SWATLD can provide good predicted results for this system, and the two algorithms have the "second-order advantage". The main advantage of second-order calibration is that it allows spectral and concentration information for an individual component to be extracted even in the presence of unknown interferents. 22 Therefore, it is particularly useful for resolving mixtures of components or for determining component(s) of interest in complicated samples such as soil, plasma, and urine, where a lot of other compounds may be present. Table 2 summarizes the results from the predictions for the soil samples. Both two-factor and three-factor models were performed with both ATLD and SWATLD. Whether the twofactor model or the three-factor model was used, all the results are satisfactory resolutions, and the average recoveries from ATLD are a little better than that from SWATLD. This reveals that ATLD and SWATLD both are adaptive to the soil system and insensitive to the number of factors employed in the model. Figures 5 and 6 show the resolved IAA excitation-emission spectral profiles together with the actual ones, respectively, in soil using the ATLD and SWATLD algorithms when the chosen factor number was set to two. Figures 7 and 8 show the plots of the emission and excitation spectral profiles provided by ATLD and SWATLD with three factors. The figures indicate that the soil spectra spread over all measured wavelengths both excitation and emission, and overlap with IAA spectra. This implies the difficulty in directly determining IAA in soil without separation disposal. It can be appreciated that the resolved IAA spectral profiles are nearly the same as the actual ones. These results indicate that the obtained results are accurate and reliable and that both algorithms have the "second-order advantage", which can resolve the spectral profiles from the unknown interference, and that both algorithms are insensitive to the number of factors used in the model.
Figures of merit
Figures of merit are analytical parameters that are regularly employed to compare methods. They are understood by resorting to the useful concept of net analyte signal (NAS), first developed by Lorber. 37 The sensitivity (SEN) for a particular analyte is estimated as the net analyte signal at unit concentration; the following equation seems to apply to the presently studied case: 38 
SEN = k{[(
Where nn designates the (n, n) element of a matrix, k is the total signal for component n at unit concentration; in this paper, k is also the parameter converting scores to concentrations, and * denotes the Hadamard product. Notice that the full sensitivities decrease in the presence of other sample constituents, by a degree that depends on the profile overlapping. The selectivity (SEL) is computed as the ratio between the sensitivity and the total signal, and can be estimated as: 39
The limit of detection (LOD) is calculated as LOD = 3.3s(0), 40 where s(0) is the standard deviation in the predicted concentration of the analyte of interest in three blank samples. The limit of quantification (LOQ) is computed as LOQ = 10s(0). The study based on second-order calibration also furnished analytical figures of merit. Table 3 collects the analytical figures of merit for the methods based on ATLD and SWATLD, including their sensitivity and selectivity, as well as their correlation coefficients, LODs and LOQs. It seems that the prediction abilities of both algorithms are satisfactory. The LOD and LOQ for IAA in soil were calculated to be 4.6 and 13.9 ng mL -1 , respectively. If we compare these figures of merit with those obtained by other methods, such as electroanalytical determination which yields an LOQ for IAA in soil of 0.2 mg L -1 , 4 the LOQ observed in this study is better, keeping in mind the complexity of the problem, and it also should be noted that no pretreatment procedure was employed in this study.
Conclusions
The excitation-emission matrices (EEMs) data for indole-3- Figure of merit ATLD SWATLD acetic acid (IAA) in water or in complex soil matrices show that a trilinear structure can be successfully decomposed by the alternating trilinear decomposition (ATLD) algorithm and the self-weighed alternating trilinear decomposition (SWATLD) algorithm. This methodology is employed with simple sample extraction and without any analyte separation, and satisfactory results can be obtained for IAA in soil despite serious interference from the soil matrices. It is thus convenient for measuring the concentration of IAA in soil with a lower limit of detection. This is due to the second-order advantage. The results obtained in this work indicate that combining EEMs with second-order calibration methods based on trilinear decomposition algorithms is a good strategy. Its fast speed of analysis, high resolution and sensitivity, as well as low LOD and LOQ make it an attractive method for the routine determination of IAA in soil samples.
